Electrical microstimulation is used widely in experimental neurophysiology to examine causal links between specific brain areas and their behavioral functions and is used clinically to treat neurological and psychiatric disorders in patients. Typically, microstimulation is applied to local brain regions as a train of equally spaced current pulses. We were interested in the sensitivity of a neural circuit to a train of variably spaced pulses, as is observed in physiological spike trains. We compared the effect of fixed, decelerating, accelerating, and randomly varying microstimulation patterns on the likelihood and metrics of eye movements evoked from the frontal eye field of monkeys, while holding the mean interpulse interval constant. Our results demonstrate that the pattern of microstimulation pulses strongly influences the probability of evoking a saccade, as well as the metrics of the saccades themselves. Specifically, the pattern most closely resembling physiological spike trains (accelerating pattern) was most effective at evoking a saccade, three times more so than the least effective decelerating pattern. A saccade-triggered average of effective random trains confirmed the positive relationship between accelerating rate and efficacy. These results have important implications for the use of electrical microstimulation in both experimental and clinical settings and suggest a means to study the role of temporal pattern in the encoding of behavioral and cognitive functions.
Introduction
Electrical microstimulation of neural tissue has been used widely to examine causal links between activity of specific brain areas and a behavioral function. For instance, since its introduction in the 19th century by Fritsch and Hitzig (1870) , experimentalists have used microstimulation to link frontal cortical areas to skeletomotor (Penfield and Jasper, 1954; Graziano et al., 2002) and oculomotor control (Ferrier, 1886; Robinson and Fuchs, 1969; ; occipital and temporal cortical areas to visual perception (Brindley and Lewin, 1968; Salzman et al., 1990) ; temporal cortical areas to object recognition (Penfield and Jasper, 1954; Afraz et al., 2006) ; parietal cortical areas to tactile perception (Romo et al., 1998) ; subcortical areas to oculomotor control (Robinson, 1972; Sparks et al., 1987) ; and even to link certain areas to cognitive functions, such as attention Fallah, 2001, 2004; Moore and Armstrong, 2003; Cavanaugh and Wurtz, 2004; Muller et al., 2005) , decision-making (Gold and Shadlen, 2003; Hanks et al., 2006) , and learning and reward (Rolls, 1975; Williams and Eskandar, 2006) . In addition, clinicians have more recently used electrical stimulation of the CNS [deep brain stimulation (DBS)] in the treatment of neurological and psychiatric disorders in patients (Perlmutter and Mink, 2006) .
In the experimental setting, microstimulation mimics natural neurophysiology to a sufficient extent that its effects are functionally and anatomically specific to a given brain area (e.g., Salzman et al., 1990; Tolias et al., 2005) , and evoked responses are within the range of physiological behavior (e.g., Graziano et al., 2002) . These qualities have enabled the technique to move beyond merely relating a brain area with a behavioral function and to link the observed spatial and temporal dynamics of neuronal activity to their functional significance: for instance, linking the volume of excited tissue to the fidelity of the motion signal in visual area MT (Murasugi et al., 1993) ; linking the rate of microstimulation to the perceived frequency of tactile vibration (Romo et al., 1998) ; and linking the phase of simultaneous microstimulation trains to the summing or averaging of saccadic vectors (Brecht et al., 2004) .
Despite the ability of microstimulation to examine these and other signal properties, microstimulation has not tested the relevance of the temporal variability observed in most physiological spike trains. For most cortical neurons, the distribution of interspike intervals (ISIs) is probabilistic (Shadlen and Newsome, 1998) , and the average ISI changes reliably in relation to a sensory or motor event, e.g., a decrease in ISI preceding an eye movement (Sparks, 1978; Hanes and Schall, 1996) . Nevertheless, nearly all applications of microstimulation have used a fixed interval between consecutive microstimulation pulses. Indeed, microstimulation has been criticized for not emulating natural spiking activity (Strick, 2002) .
We asked whether microstimulation might be used to determine the behavioral significance of the temporal patterning of inputs. We tested the sensitivity of the oculomotor system to the pattern of microstimulation pulses delivered to the frontal eye field (FEF), an area of frontal cortex that encodes fixed-vector saccadic eye movements that can be evoked with microstimulation Russo and Bruce, 1993) . The probability of evoking saccades from the FEF increases with increasing stim-ulation current, frequency, and train duration (Tehovnik and Sommer, 1997) . The FEF served as a promising candidate site in which to test temporal pattern sensitivity because of previous work suggesting that the oculomotor system differentiates saccade specification and execution signals by their stimulation frequency (Sparks, 1978; Glimcher and Sparks, 1993) and evidence that the short-term dynamics in the FEF before a saccade play a role in saccade timing (Hanes and Schall, 1996) . Therefore, differential changes in frequency within a microstimulation signal may be important to and discriminated by the oculomotor system.
We compared the effect of fixed (FIXED), decelerating (DECEL), accelerating (ACCEL), and randomly varying microstimulation patterns on the likelihood and metrics of evoked saccades while holding the mean interpulse interval (IPI) constant. Our results demonstrate that the pattern of microstimulation pulses strongly influences the probability of evoking a saccade, as well as the metrics of the saccades themselves. Specifically, the pattern most closely resembling physiological spike trains (accelerating pattern) was most effective at evoking a saccade, three times more so than the least effective decelerating pattern. A saccade-triggered average of effective random trains confirmed the positive relationship between accelerating rate and efficacy. The results are consistent with a model of saccade generation in which a lowfrequency "primer" signal contributes to saccade specification and likelihood, a high-frequency "trigger" signal then initiates the movement, and a subsequent "driver" signal modifies the movement.
Materials and Methods
Behavioral task. We trained two rhesus monkeys (Macaca mulatta) to fixate a central fixation point (FP) displayed against a black background on an LCD video monitor (52 ϫ 87 cm, 60 Hz; NEC Display Solutions, Itasca, IL) in an otherwise dimly lit room. The monkey's eye position was measured by way of a scleral search coil and stored at a 200 or 500 Hz sampling frequency while the head remained fixed. Each behavioral trial began with the appearance of the FP. The monkey was required to maintain fixation within a 2°diameter electronic window for a variable period of time (451-950 ms) . On approximately half of the trials (55.7%), we applied electrical microstimulation via a microelectrode to the FEF 105 ms after extinguishing the FP. On a portion of these trials, the stimulation was sufficient to evoke a saccade along a predictable vector. We held constant the electrical current throughout a block of trials while we varied the pattern of current pulses, selecting one of five patterns for each trial, thus totaling five stimulation conditions. The remaining half of the trials lacked stimulation and was divided into two conditions. Because the trains of stimulation were preceded by the audible switching of a relay, we included this switching but without stimulation in 25% of the nonstimulation trials (SWITCH-NO STIM). The remaining 75% of nonstimulation trials had neither switching nor stimulation (NO STIM). At the end of each trial, the monkey was rewarded with a drop of juice for having maintained fixation during the required period (i.e., FP illuminated), regardless of whether a saccade was subsequently evoked. The next trial began after a 2 s delay.
Trial conditions were randomly interleaved across all stimulation and nonstimulation conditions. A block of trials consisted of several repetitions (4 -12) of each condition. The NO STIM condition occurred three times more frequently than the other conditions, which otherwise occurred with equal frequency. At each FEF stimulation site, we ran four to six blocks, each block using a different level of electrical stimulation current. All task events, including visual stimuli, eye position tracking, reward, and triggering of individual microstimulation pulses were controlled by custom code written for the CORTEX state system software (http://www.cortex.salk.edu).
Electrical microstimulation of the FEF. Electrical microstimulation consisted of a 35 ms train of biphasic constant-current pulses (cathodal leading, 0.25 ms pulse width per phase) delivered with a Grass (West Warwick, RI) stimulator (S88) and two Grass stimulation isolation units (PSIU-6). The biphasic pulse ensured that charge would not accumulate on the electrode, which might interfere with subsequent pulses or damage neural tissue (Tehovnik, 1996) . Current amplitude was measured via the voltage drop across a 1 k⍀ resistor in series with the return lead of the current source. We verified that the current delivered remained constant for all pulses within a train. All stimulation was delivered via varnishcoated tungsten microelectrodes of 0.2-1.0 M⍀ impedance (measured at 1 kHz).
In each monkey, the FEF was first localized on the basis of its surrounding physiological and anatomical landmarks and the ability to evoke fixed-vector saccades on one-half of the trials with stimulation at currents of Ͻ50 A . This microstimulation criterion was achieved in a separate calibration task run before each experiment. In the calibration task, we delivered a 100 ms stimulation train of equally spaced biphasic current pulses (200 Hz). We used these trials to confirm that the evoked saccades were fixed-vector, to obtain an estimate of the threshold current (Ͻ50 A criterion) required to evoke a saccade on one-half the trials, and to establish the evoked saccadic vector of the FEF site. When using the shorter train durations of the experimental protocol (35 ms), we frequently required higher stimulation currents (Ͼ50 A) to achieve efficacies at and Ͼ50%.
After an FEF site had been identified, we began the experimental protocol of delivering the pulse patterns described below. Stimulation current was held constant throughout a block of trials. Generally, for the first block, we used the threshold current determined in the calibration task. We then selected three to five additional currents so as to span the range of currents from those that were completely ineffective to those that were 100% effective for all pulse patterns. At times, it was not feasible to find currents that fulfilled this later case because some pulse patterns were so ineffective that the required currents would have been inordinately high.
Pulse patterns. We used five pulse patterns, four of which had eight pulses delivered over 35 ms, making for a common mean IPI of 5 ms, and one additional random pattern (Fig. 1 A) . (1) FIXED, in which the IPI remained constant at 5 ms throughout the train. (2) DECEL, in which the IPI became progressively longer throughout the train according to i ϭ 1 ϩ n, where i is the IPI in milliseconds, and n is the IPI position, constrained between 1 and 7, inclusive. Thus, the IPIs for DECEL in order were 2, 3, 4, 5, 6, 7, 8 ms. (3) ACCEL, in which the IPI became progressively shorter throughout the train according to i ϭ 9 Ϫ n. Thus, ACCEL was symmetrical with DECEL, containing the same IPIs in exactly the opposite order: 8, 7, 6, 5, 4, 3, 2 ms. (4) Random-order pattern (RO), in which the order of IPIs used in ACCEL and DECEL was randomly shuffled. (5) Random-interval pattern (RI), in which eight pulses were assigned randomly to 2-ms-wide bins with 1 pulse per bin. Because the 35 ms time window could not be divided evenly into 2-ms-wide bins, one-half of the RI trains contained 17 bins (34 ms train), and one-half contained 18 bins (36 ms train). Train lengths were randomly interleaved. RI trains could deliver eight pulses in less than, but not more than, 35 ms, and therefore their mean IPI could be slightly less than the mean of 5 ms common to the other pulse patterns.
The accelerating discharge of FEF visuomotor cells can begin as early as 200 -300 ms before a saccade . Previous microstimulation studies have used train durations from 12 to 400 ms Russo and Bruce, 1993; Tehovnik and Lee, 1993; Tehovnik and Sommer, 1997) . We selected the present train duration so as to address the distinction between sensitivity to the temporal pattern of pulses and sensitivity to the time-varying average rate of pulses for which the average is taken over some portion (dt) of the total train duration. Although our present study does not explicitly distinguish these two possibilities, it does put an upper limit on any possible values of dt as less than the total train duration. We reasoned that at the lower limit of dt, the two possibilities converge (i.e., pattern sensitivity ϭ sensitivity to changes in the rate averaged spike-to-spike). In addition, most accounts in the literature that implicitly support the time-varying average rate possibility (by averaging neural activity over some time window) do so with values of dt in the range of 100s to 1000s of milliseconds. We were therefore motivated to minimize the train duration and thereby mini-mize possible values of dt. However, it has been found empirically that to evoke saccades from the FEF, microstimulation train durations must be at least 12-25 ms even when using much higher frequencies (900 Hz) and currents (400 A) than used presently (Tehovnik and Sommer, 1997) . We used the train duration of 35 ms to reconcile our goals of evoking saccades and minimizing train duration.
Saccade detection. Stimulation-evoked saccades were detected by four criteria: speed, direction, latency, and amplitude. Off-line for each trial, the mean displacement 5-55 ms before microstimulation was subtracted from the eye position data for the entire trial, thereby centering each saccade start point at [0, 0] . The horizontal and vertical components of the eye position data were converted into their polar counterparts of amplitude r and direction . Eye speed s as function of time t was then computed as the derivative of r (t) . All values of s(t) equal to or exceeding the speed threshold S were scored as saccades. Criterion S was determined separately for each monkey (ultimately, both monkeys were fitted best by S ϭ 35°/s) and is consistent with published minimum velocities for saccades (Becker, 1989) . Consecutive values of s(t) meeting S were treated as part of the same saccade. In addition, nonconsecutive values of s(t) meeting S and occurring within 30 ms of each other were grouped together as a single saccade, as were any intervening values of s(t) that may have failed the criterion S. This grouping made the criterion S less susceptible to high-frequency noise in s(t) and is based on the empirical minimum for intersaccade intervals (Becker, 1989) .
After initially detecting saccades using the speed criterion, the criteria of direction, latency, and amplitude were applied to select for saccades evoked by stimulation. The saccade start and stop positions were used to compute the overall saccadic vector, from which we extracted final saccade direction f and amplitude r f . Latency was defined as the saccade start time relative to time of microstimulation onset (stimulation trials) or to time when stimulation would have been delivered for SWITCH-NO STIM. Saccades were scored as "stimulation-evoked" when their direction fell within Ϯ45°, inclusive, of the prototypical direction D, their latency was less than or equal to time T, and their amplitude was greater than or equal to the threshold amplitude A. Criterion D was defined as the modal direction of all saccades detected in stimulation trials for the given site. Criterion T was chosen as 100 ms after microstimulation onset. Stimulation-evoked saccades tended to have very little variation in direction or latency compared with voluntary saccades, which tended to fall well outside of the criteria D and T. Criterion A was set at 1°of visual angle so as to reduce the rate of false-positive detections attributable to high-frequency line noise in the eye position signal. Occasionally, this would result in a false negative for a very short amplitude saccade, but these errors were more acceptable than false positives in that they would not confound our subsequent analyses of the saccade metrics.
The saccade detection algorithm was applied to the NO STIM trials as well. Because in these trials no event marked the onset of microstimulation, we chose to detect saccades within the window 100 -200 ms after fixation as a control measure of false positives.
Analysis. For a given FEF site and stimulation current, we determined the proportion of trials in which a saccade was evoked for each condition separately. This proportion is termed the "saccade probability" and applies to analyses of both the block of trials as a whole and to individual saccades from within that block. The relationship of saccade probability to absolute stimulation current was fit with a sigmoid function for each condition at each FEF site. From these fits, we derived the "threshold current" for each condition, defined as the stimulation current at which a saccade was evoked on half of the trials. The "site threshold" was defined as the threshold current for FIXED.
Absolute stimulation currents were transformed into normalized values so that data from currents across FEF sites could be grouped. Specifically, each stimulation current was classified into one of seven "ordinal current" groups based on the relationship of the current to site threshold. The stimulation current immediately less than site threshold was classified as ordinal current "3." The stimulation current just below ordinal current 3 would become ordinal current "2" and so on; the same system applies to currents successively greater than site threshold becoming ordinal currents "4," "5," "6," and "7." Importantly, the same assignment of stimulation current to ordinal current was made for all pulse patterns within an FEF site. For example, all trials from FEF site 9 (Fig. 1) using 45 A stimulation current are classified as ordinal current 3, regardless of pulse pattern. The system of ordinal current normalization served to group currents of similar saccade-evoking efficacy across all FEF sites.
The regressions of saccade amplitude on saccade latency were fit with a rational function (i.e., quotient of two polynomials) of the following form:
where A and L are log normalized saccade amplitude and latency, respectively, and p 1 , p 2 , and q 1 are constants least-square fit for each pulse pattern. The "(ϪL)" notation serves to emphasize that the function saturates with increasingly negative values of log normalized latency. A rational function was chosen because it appeared to fit the data well and because a one-tailed saturating function appealed to our predictions as to the effects of very short and very long latencies on amplitude (see Discussion).
Results
We studied the influence of microstimulation pulse pattern on saccades evoked from the FEF of two monkeys performing a fixation task. At each of 26 FEF sites, we applied five types of microstimulation trains, which differed in the pattern of current pulses delivered in 35 ms. Each pattern consisted of eight pulses, in which the IPI remained constant, increased, decreased, or varied randomly ( Fig. 1 A) . We refer to these respective patterns in terms of their frequency profiles, namely FIXED, DECEL, ACCEL, and two random profiles. For FIXED, the IPI was held constant at 5 ms. For DECEL, ACCEL, and one random pattern, RO, the set of IPIs was held constant, ranging from 2 to 8 ms with a common mean IPI of 5 ms. In the RO pattern, the interval order was shuffled randomly from trial-to-trial. In the second random pattern, RI, pulses were assigned with equal probability to 2-ms-wide bins with one pulse per bin. To maximize the space of possible patterns, RI was allowed to terminate short of 35 ms, and thus the mean IPI was allowed to fall slightly Ͻ5 ms. We applied the above patterns, one chosen randomly during each behavioral trial, and examined the efficacy of each in evoking saccades, as well as their influence on the evoked saccade metrics.
Example FEF site and analysis
Results from an example FEF site are shown in Figure 1 B-G. At this site, saccades to the lower contralateral visual field were evoked with currents from 45 to 65 A (Fig. 1 B) . The current at which the probability of evoking a saccade was 50% using the FIXED pulse pattern was 53 A (site threshold). The efficacy of the remaining four patterns differed not only from FIXED, but also from one another (Fig. 1C) . To evoke saccades with 50% probability, ACCEL required the lowest stimulation current (44 A), DECEL the highest current (59 A), and the random patterns (RO and RI) higher currents than FIXED, although approximately equal to each other (56 and 55 A, respectively). Note that at the site threshold current, there was a sixfold difference in efficacy between ACCEL and DECEL. Overall, the random patterns showed less sensitivity to changes in current than the other patterns. In addition to the efficacy of evoking saccades, we examined the influence of pulse pattern on the metrics of the evoked saccades (Fig. 1 D-G) . Specifically, we measured latency, amplitude, peak velocity, and duration. In choosing which saccades to compare, one could compare those evoked with different pulse patterns at the same stimulation current. However, as suggested in Figure 1C (and borne out in the population data), pulse pattern influences stimulation efficacy independent of stimulation cur-rent. Therefore, any differences in saccade metrics between pulse patterns at the same stimulation current may not be attributable to a direct effect of pulse pattern, but instead to differences in stimulation efficacy. Thus, we attempted to equalize the stimulus parameters between conditions by comparing saccades evoked with the same stimulation efficacy or saccade probability. Individual saccades were assigned a value of saccade probability based on their corresponding pulse pattern and block of trials in which they were evoked (see Materials and Methods). We then regressed each metric on saccade probability.
For saccades evoked with FIXED at the example site, all metrics were significantly correlated with saccade probability (latency, r ϭ Ϫ0.69, p Ͻ 0.002; amplitude, r ϭ 0.73, p Ͻ 10 Ϫ3 ; peak velocity, r ϭ 0.76, p Ͻ 10 Ϫ3 ; duration, r ϭ 0.64, p Ͻ 0.005). In addition, saccades evoked with ACCEL at a given saccade probability appeared to have the longest latencies, the smallest amplitudes, the slowest peak velocities, and the shortest durations. In contrast, saccades evoked with DECEL appeared to have the shortest latencies, the largest amplitudes, the fastest peak velocities, and the longest durations (regressions not shown).
Saccade probability
At 14 FEF sites, we were able to test a sufficient number of stimulating currents (4 -6) to measure the efficacy of each pulse pattern and to evoke enough saccades (43-119 per site) to compare their metrics. For each site, we determined site threshold using the FIXED pattern (median, 47 A) and classified each stimulation current into one of seven ordinal currents based on its value relative to site threshold (see Materials and Methods) . Across all sites, we computed the proportion of saccade-evoking trials at a given ordinal current and pulse pattern (Fig. 2 A) . The resulting functions confirmed the effect of pulse pattern on saccade probability that we observed for the example site: the lowest ordinal current threshold was obtained with ACCEL, the highest with DECEL, and intermediate thresholds were obtained with FIXED, RO, and RI (ordered from low to high). The ordinal current normalization produced sigmoidal curves that, for FIXED, crossed the point of 0.5 saccade probability between ordinal currents 3 and 4 (vertical line), which represents the position of raw site thresholds relative to which ordinal currents were assigned, thus confirming that the normalization maintained the relative distribution of raw currents used within each site.
We observed that, for all pulse patterns, saccade probability varied over the span of ordinal currents 3-5, whereas lower ordinal currents never evoked a saccade, and higher currents always evoked a saccade. In addition to representing the dynamic range of ordinal current, these middling currents were also the most consistently sampled across sites (ϳ100 trials per ordinal current per pulse pattern) and thus provided the most reliable estimates of saccade probability. We therefore focused all subsequent analyses of pulse-pattern efficacy and saccade metrics on trials at these middling currents. Figure 2 B shows the proportion of saccadeevoking trials as a function of pulse pattern collapsed across all sites and across the three middling currents.
Pulse pattern significantly affected the percentage of trials in which saccades were evoked ( 2 ϭ 191, df ϭ 4, p Ͻ 10 Ϫ16 ), with ACCEL proving most effective (78%), followed by FIXED (64%), RO (50%), RI (43%), and finally DECEL as the least effective (27%). Thus, there was a threefold difference in efficacy between the most (ACCEL) and least (DECEL) effective pulse patterns. Moreover, post hoc pairwise comparisons yielded significant differences in saccade probability between all pairs of pulse patterns ( p Ͻ 0.001 by Bonferroni-corrected 2 ), except for the two random ones ( p Ͼ 0.07). The data from individual monkeys followed the same trend (Fig. 2 B, gray symbols) , and thus all analyses were collapsed We tested whether the effect of pulse pattern held constant across a range of stimulation currents. For each block of trials, we normalized the saccade probability of each pulse pattern to that of the FIXED pattern and regressed the normalized values on the stimulation current of that block (Fig. 2C) . There was no significant correlation ( p Ͼ 0.05) between normalized saccade probability and stimulation current for any pulse pattern, indicating that the effect of pulse pattern was consistent across the range of middling currents tested (20 -150 A). The laddering of regression lines from ACCEL (highest relative saccade probability) to DECEL (lowest) recapitulates the main effect of pulse pattern on efficacy observed in the ordinal current analysis.
Saccade metrics
Voluntary and stimulation-evoked saccades share a strong relationship between peak velocity and amplitude (which is quasilinear over the range of amplitudes obtained presently) known as the "main sequence" (Becker, 1989; Chen, 2006; Knight and Fuchs, 2006; our unpublished observations) . We confirmed that the evoked saccades followed this main sequence (Fig. 2 D) . Specifically, saccade peak velocity was significantly linearly correlated ( p Ͻ 10 Ϫ16 ) with amplitude for each pulse pattern with slopes ranging from 47 s Ϫ1 for DECEL to 63 s Ϫ1 for ACCEL (regression values are listed in Table S1 , available at www.jneurosci.org as supplemental material).
Although all evoked saccades fell along a main sequence, we found pulse-patterndependent differences in the exact relationship of peak velocity to amplitude (ANCOVA, F ϭ 3.22, df ϭ 4, p Ͻ 0.05). For the same amplitude movement, DECEL saccades had significantly slower peak velocities than those of FIXED, ACCEL, and RO ( p Ͻ 10 Ϫ3 , Bonferroni corrected). In addition, RI produced significantly slower peak velocities at the same amplitude than FIXED and ACCEL ( p Ͻ 0.05, Bonferroni corrected).
As for the example FEF site, we analyzed the influence of pulse pattern on saccade latency, amplitude, peak velocity, and duration as a function of saccade probability. We performed two analyses, both of which were designed to control for the intrinsic site-to-site variability of evoked saccade metrics . (1) For statistical comparisons, we used an ANCOVA model that included as factors pulse pattern, probability of saccade, and stimulation site. (2) For purposes of display, we normalized the saccade metrics by site (each raw saccade value was divided by the mean value of all ACCEL saccades at that site) and regressed the log normalized values on the saccade probability of the pulse pattern as obtained for the block of trials in which the saccades were evoked (Fig. 3 ) (see Materials and Methods) .
Using the statistical model, we found significant effects of pulse pattern, saccade probability, and stimulation site on all saccade metrics (see Table S2A , available at www.jneurosci.org as supplemental material). In particular, saccades evoked with DECEL, although less common on average, tended to have lower latencies, larger amplitudes, faster peak velocities, and longer durations than saccades of equal probability evoked by every other pulse pattern. Conversely, saccades evoked with ACCEL tended to have the highest latencies, shortest amplitudes, slowest peak velocities, and shortest durations (all pairwise comparisons are listed in Table S2B , available at www.jneurosci.org as supplemental material). It was not surprising that the sign and degree of the effects of a given pulse pattern on amplitude, peak velocity, and duration were similar given the strong mutual correlations between these metrics discussed above as the main sequence (Fig.  2 D) (Becker, 1989) . Finally, whereas DECEL saccades traveled farther, reached faster speeds, and did so over more time than ACCEL saccades at the same saccade probability, recall that the main The saccade probability for each pulse pattern across the three middling currents is plotted. Significant pairwise differences ( p Ͻ 0.001, Bonferroni corrected) between any two pulse patterns are shown as a solid line above the two bars. The dashed line represents the one nonsignificant ( p Ͼ 0.07) difference: between RO and RI. Saccade probability is also indicated individually for monkey W (ϩ) and monkey B (ϫ). C, Effect of absolute current on pulse-pattern efficacy is shown for the three middling currents. For each block of trials, the relative saccade probability (log normalized to FIXED) for each pulse pattern is plotted against the stimulation current, and linear regressions are fit ( p Ͼ 0.05). D, Significant linear regressions ( p Ͻ 10 Ϫ16 ) of saccade peak velocity on amplitude are plotted for each pulse pattern across the three middling currents.
sequences obtained for these pulse patterns showed that ACCEL saccades were nonetheless faster than DECEL saccades for the same amplitude movement (Fig. 2 D) .
The regressions of normalized metrics on saccade probability showed, in general, that an increasing saccade probability correlated with a lower latency, greater amplitude, faster peak velocity, and longer duration. These correlations were significant ( p Ͻ 0.05) in at least one if not all four metrics for all pulse patterns; DECEL was the notable exception, showing no relationship between any metric and saccade probability (all regression values and histograms of saccade probability are presented in Table S3 and Fig. S1 , respectively, available at www.jneurosci.org as supplemental material). The significant correlations are not surprising given that both saccade metrics and the likelihood of evoking a saccade share a common dependence on stimulation current (Tehovnik and Sommer, 1997; our unpublished observations). However, this dependence alone did not account for the effect of pulse pattern on saccade metrics, as confirmed by a separate analysis that showed a significant effect of pulse pattern on saccade metrics independent of stimulation current and stimulation site (ANCOVA, p Ͻ 10 Ϫ6 for all metrics) (see Table S4 , available at www.jneurosci.org as supplemental material). That is, the greater current required by, say, DECEL to achieve efficacy comparable to ACCEL did not explain the larger amplitude saccades evoked by DECEL at the same saccade probability. Even at the same stimulation current, saccades evoked with the different pulse patterns differed in their metrics (see Fig. S2 , available at www.jneurosci.org as supplemental material).
We noted that the pulse pattern evoking the shortest average latency saccades (i.e., DECEL) also evoked the greatest average amplitude, peak velocity, and duration saccades; the opposite was true for ACCEL saccades. We were interested in whether this relationship between latency and amplitude held for individual saccades (or only for the averages). We regressed individual saccade amplitude on saccade latency separately for each pulse pattern, log normalized as above (Fig. 4 A-E) . We observed a strong inverse relationship whereby increasing latencies predicted decreasing amplitudes. These data were least-square fit with a saturation function (see Materials and Methods for expression) (parameter values are listed in Table S5 , available at www.jneurosci.org as supplemental material) that explained between 61 and 72% of the variance in amplitude for each pulse pattern (with the exception of the random pattern, RI, 29%).
Given that saccade amplitude was in part explained by saccade latency within a given pulse pattern, we were interested in whether the differences in amplitude between pulse patterns could be explained in part by differences in saccade latency between pulse patterns. The fits for individual pulse patterns are plotted together in Figure 4 F. In particular, we focused on the range of latencies that were most common (Ն95% of saccades) across pulse patterns (gray shaded region). That range is enlarged in the inset in Figure 4 F. Note that the amplitude-to-latency relationship was very similar between pulse patterns, but there was a familiar ordering: ACCEL saccades were of largest amplitude, followed by FIXED, followed by DECEL when compared at a relatively short latency. The differences between pulse patterns were not maintained at longer latencies.
We have focused on the relationship between latency and amplitude, but the relationships of latency to peak velocity and latency to duration should also hold, as these metrics covary with amplitude (Becker, 1989) . We confirmed that increased latencies predict slower peak velocities and shorter saccade durations for all pulse patterns (data not shown). In addition, for a given latency, the relative ordering of peak velocities as a function of pulse pattern was the same as for amplitude. However, latencymatched differences in saccade duration between pulse patterns were less clear.
In addition to comparing averages of saccade metrics, we were interested in the effect of pulse pattern on the trial-to-trial variability of saccadic vectors. We computed a measure of saccade scatter as the mean distance between the endpoint of individual saccades and their average endpoint for a given block of trials and pulse pattern (Dias and Segraves, 1999) . We found a significant effect of saccade amplitude on scatter (ANCOVA, F ϭ 49, df ϭ 1, p Ͻ 10 Ϫ10 ), consistent with previous reports of saccades evoked from the superior colliculus (SC) (van Opstal and van Gisbergen, 1989) but found no effect of pulse pattern (ANCOVA, p Ͼ 0.98) or saccade probability (ANCOVA, p Ͼ 0.87).
Saccade-triggered average of random pulse patterns
The DECEL and ACCEL patterns were limited by their design to testing one class of pulse pattern, that of linearly and monotonically changing IPI. We implemented the two random patterns to sample the space of IPI orderings and IPI durations (while maintaining eight pulses in 35 ms) and to measure their effects on saccades. For the RO pattern, the same IPIs used in the DECEL and ACCEL patterns were shuffled in an order that varied randomly from trial-to-trial. Thus, instantaneous frequencies were constant between the DECEL, ACCEL, and RO patterns, and only the order of those frequencies varied. Because each of the seven IPIs was used once per pulse train, the distribution of IPIs is flat (Fig.  5A) , with a mean of 5.00 Ϯ 0.04 ms (ϮSEM). For the RI pattern, we randomly assigned eight pulses to 2-ms-wide time bins (one pulse per bin), resulting in seven IPIs ranging from 2 to 20 ms. Because the chance of a pulse occurring at any remaining time bin was equal, the distribution of IPIs resembles an exponential probability distribution (Fig. 5B) as would be generated by a Poisson process and used to model physiological ISIs (for review, see Shadlen and Newsome, 1998) . The mean IPI for the RI pattern was 4.16 Ϯ 0.06 ms (ϮSEM), slightly less than the other patterns, because RI trains could end before, but could not exceed, 35 ms.
We analyzed the random pulse trains in search of a trend in pulse pattern that predicted train efficacy. Off-line, we segregated the random trains based on whether they evoked a saccade ("saccade trains") or failed to evoke a saccade ("null trains"). We computed a train profile as the average IPI at each of the seven interval positions. Computing this "train profile" separately for saccade trains and null trains produced a saccade-triggered average of IPI as a function of interval position (Fig. 5 D, E) . This differed from classical spike-triggered averaging in that we averaged with respect to an ordinal value of time (interval position) and not continuous time. We predicted that the saccadetriggered average of the most effective pulse trains would resemble the linear train profile of ACCEL, whereas the least effective trains would resemble the DECEL train profile (Fig. 5C) . We tested this model by fitting a line to the set of all individual IPIs as a function of interval position separately for saccade and null trains. Consistent with our prediction, the saccade trains for both RO and RI were fit significantly with lines of negative slope (RO, m ϭ Ϫ0.062 ms/position, r ϭ Ϫ0.062, p Ͻ 0.05; RI, m ϭ Ϫ0.19, r ϭ Ϫ0.14, p Ͻ 10 Ϫ4 ), whereas the null trains for both random patterns showed a linearly increasing trend of IPI with interval position (RO, m ϭ 0.064, r ϭ 0.064, p Ͻ 0.05; RI, m ϭ 0.13, r ϭ 0.090, p Ͻ 0.002). The difference in slope between the saccade and null trails was significant for both random patterns (RO, t ϭ 2.84, p Ͻ 0.005; RI, t ϭ 5.14, p Ͻ 10 Ϫ6 ). Importantly, the saccade and null trains did not differ in mean IPI collapsed across all interval positions (ANOVA: RO, p ϭ 1; RI, p Ͼ 0.68), nor did IPI change as a function of interval position when collapsing across saccade and null trains (ANOVA: RO, p Ͼ 0.98; RI, p Ͼ 0.36). In other words, the saccade trains did not, for example, have a lower mean IPI (higher frequency) than the null trains, nor did IPIs, for example, successively decrease (accelerating frequency) for all trains.
Discussion
Our results demonstrate that the saccadic system is sensitive to the temporal pattern of microstimulation independent of rate. ACCEL was three times more effective at evoking a saccade than the symmetrically opposite DECEL and also was more effective than FIXED. A saccade-triggered average of random pulse trains was consistent with the effective trains being, on average, of accelerating rate, whereas the ineffective trains were of decelerating rate. In addition to differences in efficacy, the saccade metrics differed as a function of pulse pattern. When controlled for efficacy, saccades evoked by DECEL occurred earlier and were larger, faster, and of longer duration than those of all other pulse patterns; the opposite was true for ACCEL.
The differences between ACCEL and DECEL are particularly interesting, because these patterns are mirror images of one another: identical intervals in exactly opposite order. Any differences in the efficacy of these two pulse patterns cannot be attributed to a specific instantaneous frequency or even a local average frequency across a subset of pulses. Rather, all differences must be attributed to the order of IPIs: a history dependence of stimulation frequency.
Recalling that higher stimulation frequencies are more effective at evoking a saccade (Tehovnik and Sommer, 1997) , one possible explanation of the observed effect of pattern efficacy is that high frequencies are most effective when they occur later rather than earlier in the train (as in ACCEL), implying a priming effect of the early pulses. When the high-frequency pulses occur early in the train (as in DECEL), they do not benefit from this priming epoch and thus are less effective at evoking a saccade. The late low-frequency pulses in DECEL, although theoretically primed by the earlier high frequencies, are themselves much less effective at evoking a saccade (Glimcher and Sparks, 1993; Tehovnik and Sommer, 1997) , thus accounting in part for the poorer efficacy of DECEL. An alternative explanation dismisses the notion of a priming effect and asserts that high-frequency pulses in both ACCEL and DECEL are sufficient on their own to evoke a saccade and that the poorer efficacy of DECEL is attributable to a suppressive effect of the later pulses. However, we know that very short stimulation trains (Յ25 ms) of comparable current and even greater frequency (up to 1000 Hz) do not evoke saccades (Tehovnik and Sommer, 1997) . Therefore, it is unlikely that the poorer efficacy of DECEL is explained by a suppressive effect of the later pulses. Instead, the high-frequency pulses are simply ineffective on their own; their efficacy depends on a preceding series of priming pulses.
In the present experiment, the priming pulses in ACCEL were always of a lower frequency than the final, saccade-triggering pulses. Therefore, we cannot conclude that lower frequencies are specially tuned for a priming function (in the way the high frequencies appear tuned for a saccade-evoking function), because priming pulses of other relative frequencies were not tested. However, we note the similarity between the ACCEL pulse pattern and the presaccadic spike trains observed physiologically: FEF neurons spike at low frequencies when preparing a saccade, followed by a burst of high-frequency firing immediately before saccade onset (Sparks, 1978; Hanes and Schall, 1996) . Moreover, activity at these lower frequencies is correlated with an increased probability of saccade (Basso and Wurtz, 1997; Dorris and Munoz, 1998) , suggestive of a priming function. Second, the higher frequencies, when occurring early in the train, may have a suppressive effect on later pulses by recruiting long-lasting inhibition, as discussed below (Swadlow, 1992; Seidemann et al., 2002; Butovas and Schwarz, 2003; Butovas et al., 2006) .
For purposes of interpretation, the above discussion implicitly reduces the ACCEL and DECEL patterns to binary epochs of fixed frequency: low-to-high and high-to-low, respectively. However, we recognize that the actual patterns consist of a continuously changing frequency and that this feature may contribute to the differential effects of the present pulse patterns (e.g., Tsodyks and Markram, 1997) .
Mechanism of pulse-pattern sensitivity A useful working model with which to consider a mechanism of pulse-pattern sensitivity is to assume that the sensitivity arises from differences in the number of spikes elicited within the oculomotor system (not necessarily the FEF), with more spikes leading to a greater probability of saccade. As such, pulse trains of accelerating frequency (e.g., ACCEL) are assumed to elicit more spikes than pulse trains of the same instantaneous frequencies only in decreasing order (e.g., DECEL). We consider three levels at which this differential effect of pulse pattern may occur.
Differential direct activation
Accelerating trains may more effectively elicit spikes in the neurons directly affected by the extracellular current flux of the microstimulation. For instance, very short IPIs falling within the neuronal refractory period may render portions of certain pulse trains ineffective. However, the shortest IPIs in DECEL are also present in ACCEL. Thus, by symmetry, any effects attributable to the refractory period would be equivalent between the two patterns, assuming that an intra-refractory period pulse does not influence the efficacy of subsequent pulses. Furthermore, microstimulation efficacy in macaque FEF is not degraded with IPIs as low as 1 ms, twice as short as used presently (Tehovnik and Sommer, 1997) .
Differential synaptic transmission
Accelerating trains may lead to greater postsynaptic depolarization. For instance, EPSPs may combine more efficiently for accelerating than decelerating inputs assuming a model of linear temporal summation and specific values of membrane properties. However, in previous work testing temporal input patterns in isolated Aplysia ganglia, Segundo et al. (1963) found that predictions based on linear temporal summation could not account for the effects of input pattern they observed (effects that were consistent with the trends observed here). The exact way in which temporal summation may contribute to discriminating pulse patterns is difficult to predict because nonlinearities in the summation of inputs (Margulis and Tang, 1998) and variation in the time window of integration, as short as 2 ms (Pouille and Scanziani, 2001 ), favor either ACCEL or DECEL or make no prediction depending on the instantaneous input frequency and the location of inputs on the target cell. In addition to temporal summation, synaptic depression could weaken transmission specifically of high-frequency signals, for instance, by depleting synaptic reserves (Tsodyks and Markram, 1997; Galarreta and Hestrin, 1998; Schneggenburger et al., 2002) . This depression would occur relatively early in the course of a decelerating signal, thus impeding transmission of the remaining signal, while occurring later in an accelerating signal, and thus would be of less consequence.
Differential dynamics of excitation and inhibition
Decelerating trains may recruit inhibition earlier in the train, thereby shunting later pulses. Converging experimental evidence suggests that the balance of excitation to inhibition in cortex is frequency dependent. As input frequency increases, activation of inhibitory interneurons rises more sharply than activation of excitatory neurons, and inhibitory synapses sustain if not facilitate transmission, whereas excitatory synapses depress (Galarreta and Hestrin, 1998; Reyes et al., 1998; Gibson et al., 1999; Tateno et al., 2004; Tateno and Robinson, 2006) . In addition, other inhibitory neuromodulators are recruited disproportionately more at higher frequencies (e.g., Diana and Marty, 2004) . Together, when high-frequency signals follow low-frequency signals (as in ACCEL), the inhibition is recruited after the input train has completed, and therefore the inhibition is of little immediate consequence. However, when high frequencies precede low frequencies (as in DECEL), the recruited inhibition coincides with the remaining excitatory input, thereby shunting these later signals and reducing the overall efficacy of the train.
Further supporting a feedback inhibition mechanism, in vivo microstimulation of macaque FEF (Seidemann et al., 2002) and rat barrel cortex (Butovas and Schwarz, 2003) causes a transient increase in spiking activity followed by a profound suppression for several hundred milliseconds. Similarly, in rabbit layer VI cortical neurons, subthreshold antidromic stimulation causes a brief decrease followed by long increase in spike threshold to adjacent extracellular stimulation (Swadlow, 1992) . Evidence suggests the suppression of spiking activity is caused by recruitment of feedback inhibition rather than a decreased gain at excitatory synapses (Seidemann et al., 2002; Butovas and Schwarz, 2003; Butovas et al., 2006) .
The frequency-dependent recruitment of shunting inhibition may account for the poor efficacy of DECEL relative to FIXED: not only are the early high frequencies unprimed, they may actively shunt the efficacy of later pulses. Furthermore, frequencydependent inhibition may explain why high-frequency microstimulation competing with an endogenous saccade plan will suppress saccades (unprimed trigger is both unsuccessful and shunts other inputs), whereas the same microstimulation applied in agreement with the intended saccade goal will facilitate saccades [endogenous plan primes exogenous trigger (Burman and Bruce, 1997 ; see also Schlag et al., 1998) ]. In addition to protecting against unintended (unprimed) saccades, the suppression recruited by the high-frequency trigger may serve as an important resetting mechanism: inhibiting the FEF postsaccadically so that residual activity does not erroneously facilitate or average into subsequent saccades (Burman and Bruce, 1997; Seidemann et al., 2002) .
The site of pulse-pattern sensitivity remains an open question. It may occur within the FEF, or the output neurons of the FEF may transmit the pulse-pattern signal faithfully to downstream oculomotor structures that in turn discriminate pulse pattern, such as the brainstem or SC (e.g., Segraves and Goldberg, 1987; Segraves, 1992; Hanes and Wurtz, 2001) . Future studies might focus on the primary site of action of FEF microstimulation (local circuitry or output fibers) as well as the circuit response (excitatory or inhibitory) to individual microstimulation pulses within a train.
Functional phases of saccadic signals
Experiments in the FEF and SC suggest that the saccadegenerating signal consists of three phases. The first phase (referred to here as the "primer") is preparatory, with gradually increasing or constant low-frequency activity specifying the saccadic vector Sparks, 1992, 1993; Hanes et al., 1995) . The second phase (the "trigger") initiates the saccade with a high-frequency burst of neuronal spiking activity (Sparks, 1978; Hanes et al., 1995) . The third phase (the "driver") influences the movement itself, as evidenced by the finding that continued microstimulation after saccade onset (i.e., post-trigger) drives larger amplitude saccades (Stanford et al., 1996) . We propose a model in which portions of the presently used pulse trains are classified according to the above frequencydefined phases (Fig. 6 ). For instance, ACCEL and DECEL both have high-frequency, trigger-like portions: early in the train for DECEL but late for ACCEL. The relative position of the trigger within the train should correlate with saccade latency. We found that ACCEL saccades (late trigger) occurred with the longest latency, whereas DECEL saccades (early trigger) occurred with the shortest latency. This observation may be related to that of Hanes and Schall (1996) , who showed that voluntary saccade latency was positively correlated with the time to reach a high-frequency rate threshold.
The pretrigger pulses form the primer, which is of greater magnitude (more pulses and of longer duration) for ACCEL than DECEL. The primer should facilitate saccades by providing a pedestal of activity with which the trigger can combine to reach some threshold. Experiments in the SC show that increased lowfrequency, presaccadic activity predicts an increased probability of a saccade toward the preferred direction of the active neurons (Basso and Wurtz, 1997; Dorris and Munoz, 1998) and microstimulation of the SC and FEF that is itself too weak to evoke saccades biases the subject's choices toward targets in the movement field of the stimulated site (Glimcher and Sparks, 1993; Schiller and Tehovnik, 2001) . It follows that the greater the primer, the greater the probability of saccade. This model is consistent with our results: ACCEL was the most effective, whereas DECEL was least effective. Furthermore, the random patterns were of intermediate efficacy, which is consistent with the fact that the average of either random pattern resembles the average of DECEL Figure 6 . Primer-trigger-driver model of the saccade control signal. The pulse patterns for ACCEL (left) and DECEL (right) are depicted, and their proposed functional phases are labeled. Each vertical bar represents a biphasic microstimulation pulse; the horizontal lines represent time ( t) increasing from left to right. The saccade initiation signal (the "trigger"; black downward arrows) is associated with high-frequency pulses and thus occurs more toward the end of ACCEL but more toward the beginning of DECEL (the exact location of the trigger is approximate). Because the trigger initiates the saccade, a later trigger is associated with greater saccade latency, as represented by the length of the gray bar. The late trigger of ACCEL is consistent with ACCEL saccades demonstrating the longest latencies of all pulse patterns (DECEL saccades with their early trigger were of the shortest latency). Any pulses occurring before the trigger are termed the "primer," and those occurring after are termed the "driver." The primer is associated with preparing the movement and providing a pedestal of activity on which the trigger acts. Therefore, the greater the primer (in number of pulses and duration), the more likely the trigger will successfully evoke a saccade. The greater primer of ACCEL is consistent with ACCEL being the most effective pulse pattern (DECEL with its lesser primer was the least effective). The driver is associated with extending the eye movement once it has been initiated. The greater driver of DECEL is consistent with DECEL saccades commanding the largest amplitude, fastest peak velocity, and longest duration of all pulse patterns (the opposite was true for ACCEL with its lesser driver). and ACCEL; the random patterns also were less sensitive to changes in stimulation current (Fig. 2 A) , which is consistent with a greater trial-to-trial variability in primer magnitude.
The driver is composed of the post-trigger pulses and is of greater magnitude for DECEL than ACCEL. The driver should contribute to saccade amplitude, peak velocity, and duration, all of which are correlated for voluntary (Becker, 1989 ) and stimulation-evoked saccades (Chen, 2006; Knight and Fuchs, 2006 ; our unpublished observations). We found that DECEL saccades (greater driver), although less likely to occur, were of the greatest amplitude, peak velocity, and duration. The opposite was true for ACCEL saccades (lesser driver).
We reasoned that if the differences in saccade metrics between pulse patterns could be explained in part by systematic differences in trigger timing and driver duration, then perhaps the trial-to-trial variation in the exact timing of these signals could explain variation in saccade metrics within a pulse pattern. The strong inverse relationship between saccade latency (an approximation of trigger timing) and amplitude for each pulse pattern (Fig. 4) is consistent with this reasoning and supports the primertrigger-driver model. Specifically, the latency-amplitude relationship suggests that the temporal properties of the trigger and driver are interdependent even within an identical pulse pattern (as the model predicts), not merely between classes pulse patterns, for which some other systematic difference may explain pattern-dependent differences in saccade metrics.
The similarity of the latency-amplitude relationship across pulse patterns (Fig. 4 F) suggests that systematic differences in trigger timing (and consequently driver duration) between pulse patterns accounts in part for the pattern-dependent differences in average amplitude. However, the slight differences in amplitude between pulse patterns for a given latency (Fig. 4 F, inset) suggest that factors other than trigger timing and driver duration may also contribute to saccade amplitude. In examining the temporal structure of each pulse pattern (Fig. 1 A) , one notes that for identical trigger times, the ACCEL train will have more driver pulses than FIXED, which will in turn have more than DECEL. Given the dependence of saccade amplitude on the number of microstimulation pulses independent of their frequency (Stanford et al., 1996) , this difference in the number of driver pulses between pulse patterns for a given trigger time predicts that, at a given latency, saccades evoked with ACCEL should be of larger amplitude than those of FIXED, which in turn should be larger than those of DECEL. We observed this trend for saccades of relatively short latencies and therefore sufficiently long drivers to realize differences in the number of pulses (Fig. 4 F, inset) . For longer latencies, pattern-dependent differences in the number of driver pulses are reduced (at the limit, a trigger on the last pulse will have zero driver pulses regardless of pulse pattern), and therefore one predicts the amplitudes to converge across pulse patterns, as was observed.
The ability of low frequencies to bias direction but not triggering of saccades (Glimcher and Sparks, 1993; Schiller and Tehovnik, 2001 ), the tendency of high frequencies to trigger saccades (Sparks, 1978; Hanes et al., 1995) , and the relationship between the number (not rate) of post-trigger pulses and amplitude (Stanford et al., 1996) imply that the frequency of a particular epoch within the saccadic signal serves to define the functional role of that epoch (primer or trigger, with driver following the trigger) rather than modulate the strength of a role defined by some other means. Frequency may therefore provide a mechanism to multiplex several functional signals over the same population of neurons.
Implications for clinical applications and neural coding
Electrical stimulation of the CNS, in the form of DBS, plays an increasingly broad role in the treatment of neurological and psychiatric disorders (Perlmutter and Mink, 2006) . Despite its therapeutic efficacy, little is known about how the exact stimulation parameters account for functional outcomes and how protocols could be refined for maximal clinical benefit (Lozano et al., 2002; Moro et al., 2002; Butson et al., 2007) . One limitation in optimizing stimulation parameters is the amount of current tolerated by the patient. In general, increasing the current increases the desired therapeutic effect but also amplifies undesirable side effects attributable to passive current spread (Rizzone et al., 2001) , tissue damage (Tehovnik, 1996) , and need for repeated surgeries to replace the stimulation battery (Joint et al., 2002 ). The present study shows that by manipulating pulse pattern, one can achieve identical efficacy with less stimulation current. Pulse pattern could therefore be used clinically to maximize therapeutic effect while minimizing side effects. The pulse patterns used presently are defined in finite time windows and are of dynamic rate, whereas DBS trains are typically chronic (e.g., Limousin et al., 1998) . However, early experiments on peripheral nerves provide a proof-of-principle that effective, short pulse patterns can be concatenated to form a repeating, continuous train that is still more effective than its fixed IPI counterpart (Ripley and Wiersma, 1953) .
As emphasized above, the stimulation rate of the pulse patterns was identical when averaged across the entire 35 ms of each train (the RI pattern excepted, as discussed). Therefore, for the oculomotor system to discriminate the pulse patterns using average rate, the time window of integration (dt) must be Ͻ35 ms. However, a narrower dt by itself cannot discriminate ACCEL from DECEL, because their local averages are identical for all values of dt. Instead, the system must additionally be sensitive to the order of local averages (low 3 high vs high 3 low), a form of temporal coding. It is possible that the oculomotor system exploits this sensitivity to temporal pattern in the generation of voluntary saccades. Consistent with this possibility is the similarity between the accelerating rate of the most effective pulse pattern (ACCEL) and the prototypical build-up of endogenous activity preceding a saccade Munoz and Wurtz, 1995) . Therefore, the efficacy of the ACCEL pattern may arise from emulating an endogenous signal that is itself optimized. Indeed, past microstimulation studies have mimicked this endogenous signal and used an accelerating pulse pattern (McPeek et al., 2003; McPeek, 2006) . Given the controversy as to the importance of precise spike timing to neural coding (e.g., Softky, 1995; de Ruyter van Steveninck et al., 1997; Shadlen and Newsome, 1998; Hopfield and Brody, 2000) , patterned microstimulation may provide a useful tool for testing the causal role of temporal information in neural circuits.
